A substantial body of evidence demonstrates that infants understand the meaning of spoken words from as early as 6 months. Yet little is known about their ability to do so in the absence of any visual referent, which would offer diagnostic evidence for an adult-like, symbolic interpretation of words and their use in language mediated thought. We used the head-turn preference procedure to examine whether infants can generate implicit meanings from word forms alone as early as 18 months of age, and whether they are sensitive to meaningful relationships between words. In one condition, toddlers were presented with lists of words taken from the same taxonomic category (e.g. animals or body parts). In a second condition, words taken from two other categories (e.g. clothes and food items) were interleaved within the same list. Listening times were found to be longer in the related-category condition than in the mixed-category condition, suggesting that infants extract the meaning of spoken words and are sensitive to the semantic relatedness between these words. Our results show that infants have begun to construct the rudiments of a semantic system based on taxonomic relations even before they enter a period of accelerated vocabulary growth.
Introduction
From early in the course of development infants are proficient word recognizers (e.g. Fennell & Werker, 2003; Swingley & Aslin, 2000; Swingley & Fernald, 2002) , are able to identify the referent of some common nouns from as early as 6 months of age (Bergelson & Swingley, 2012; Tincoff & Jusczyk, 1999 , and achieve adult-like speeds of decoding by the time they reach their second birthday (Fernald, Swingley & Pinto, 2001) . Spoken word recognition in young children is typically examined through the Intermodal Preferential Looking task (IPL; Golinkoff, Hirsh-Pasek, Cauley & Gordon, 1987) : infants hear a word while they look at a pair of pictures. Preferential fixation of a target picture indexes their understanding of the spoken word. In comparison, infants' understanding of a word's meaning in the absence of a visual referent has been overlooked. Yet a demonstration that they can access meaningful representations from words in the absence of any supporting visual stimuli would offer diagnostic evidence for an adult-like, symbolic interpretation of words and their use in language mediated thought. The mastery of this ability is a critical component for the rapid interpretation of continuous sequences of words, as experienced in everyday speech.
Recent research has demonstrated that 18-month-old infants implicitly activate the phonological form for familiar objects (Mani & Plunkett, 2010) . When presented with a prime image, e.g. a dog, 18-month-olds look longer at a phonologically related named target (e.g. door) than an unrelated one (e.g. boat). Implicit naming of objects in the infants' visual environment supports their interpretation of speech and highlights the commonalities between objects that share the same name (such as dog for many different varieties of dogs). In this research, we explore whether 18-month-olds can also, through the spoken word alone, extract its implicit meaning and so demonstrate a two-way link between word and object. Specifically, we examine whether the presentation of a spoken word triggers the activation of semantically related spoken words, without the mediation of an explicit pictorial representation. We focused on the conceptually driven taxonomic relationships between words in contrast to input driven associative relationships (which 'are acquired through association with different activities and through cooccurrence in the accompanying speech'; Brooks & Kemper, 2012, p. 74) . Words which are taxonomically related may be 'related through either classification or composition', classification being 'the relationship between a superordinate term and its members' (e.g. flu-pneumonia) and composition 'the part/whole relationship between lexical items which are meronyms or co-meronyms' (e.g. body-heart; Eggins, 2004, p. 43) .
The age of 18 months often marks a milestone in lexical development as it is usually taken as the onset of a rapid acceleration in vocabulary learning (e.g. Mitchell & McMurray, 2009) , perhaps corresponding to a switch in the mode of acquisition (Nazzi & Bertoncini, 2003) , or to the necessary consequence of learning words in parallel combined with variations in the time needed to learn individual words (McMurray, 2007; Plunkett, Sinha, Møller & Strandsby, 1992) . Whatever the underlying mechanisms responsible for this rapid vocabulary growth, semantic links between words develop along with the expanding lexicon. From the age of 21 months, there is evidence of auditory-to-visual priming for semantically related but not unrelated word pairs (e.g. Arias-Trejo & Plunkett, 2009; Styles & Plunkett, 2009 Torkildsen, Syversen, Simonsen, Moen & Lindgren, 2007) . These findings suggest that toddlers begin to develop a structured lexicon, based on relationships between words and their related concepts. For example, Arias-Trejo and Plunkett (2013) presented infants either with pairs of words that were taxonomically related but associatively unrelated according to adult norms (e.g. dog-cow) or word pairs that were associatively related but taxonomically unrelated (e.g. dog-bone). Both types of word pairs produced longer looking at a target picture as compared to unrelated word pairs at 24 months of age, indicating that toddlers are sensitive to both taxonomic and associative relationships between words. In contrast, at 21 months of age a priming effect is obtained only when words are taxonomically and associatively related.
This empirical finding is consistent with recent theoretical analyses of young children's vocabulary development, based on parental report, indicating that words are incorporated into semantic networks on the basis of shared perceptual (e.g. 'has wheels') and functional features (e.g. 'used for transportation'), providing a possible grounding for taxonomic relations (e.g. Hills, Maouene, Maouene, Sheya & Smith, 2009 ). Failure to find priming effects at 18 months has been interpreted as suggesting the absence of a semantically structured lexicon during this early stage of lexical development prior to the onset of rapid vocabulary growth (AriasTrejo & Plunkett, 2009; Styles & Plunkett, 2009 ). However, any demonstration of semantic relationships between words as early as 18 months would help clarify the nature of the architecture of the emerging lexicon: the early lexicon might be a miniature version of the highly interconnected adult lexicon (e.g. Fodor, 1983) , or early words might be processed only in their relation to objects or concepts, as if they were 'semantic islands' (Arias-Trejo & Plunkett, 2009) .
Experimental manipulations involving only auditory stimuli have led to significant progress in recent decades regarding infants' appreciation of the sound characteristics of words in their native language. The head-turn preference has been used, for example, to demonstrate infants' sensitivity to the prosodic and stress features of their language, syllabic transition probabilities and artificial grammar learning (Echols, Crowhurst & Childers, 1997; Saffran, Aslin & Newport, 1996; van Heugten & Johnson, 2010) . In this paradigm, infants are typically presented with a list of words played over a loudspeaker for as long as they maintain looking towards a flashing light which may be positioned either to their left or right (e.g. Gonzalez-Gomez & Nazzi, 2011; Jusczyk, Cutler & Redanz, 1993) . Many studies have demonstrated that maintenance of attention to the sound-associated flashing light can be manipulated through properties of the auditory stimulus. Surprisingly perhaps, this technique has not been used to demonstrate early sensitivity to the meanings of words. Here we used the standard head-turn preference procedure to investigate whether 18-montholds are sensitive to semantic relations between words presented in lists. Some of the lists contained words that are related in meaning while other lists contained unrelated words. Since the relation between the sound of the word and its meaning is arbitrary, differences in maintenance of attention between the two types of list would indicate that infants are extracting the meanings of the words, and that they are sensitive to the semantic relations between them.
Methods
Children were presented with lists of spoken words taken from the same category (Related Categories condition or RC) or from two categories and interleaved randomly (Mixed Categories condition or MC). Four categories were used altogether (animals, food, body parts and clothes) and each child was presented with all words from all four categories. In the RC condition (e.g. animals and clothes), they would hear a list of animals, then a list of clothes, then a list of animals, etc. In the MC condition (e.g. body parts and food), they would hear lists of body parts and food items randomly shuffled. Each child was presented with a block of six lists in the RC condition and six lists in the MC condition (with order counterbalanced).
Participants
Twenty-four children aged 18 months (M = 18;3, range 17;10 to 19;3; including 14 girls) were tested successfully, that is, completed each block with a minimum of four lists per block. Data from an additional nine infants were excluded because they did not understand at least 50% of the test words in each category according to the Oxford CDI (Hamilton, Plunkett & Schafer, 2000) . An additional two children were excluded because of extreme looking times leading to outlier differences between the two conditions (see also Bertoncini, Nazzi, Cabrera & Lorenzi, 2011) . Finally, a further 16 children did not complete the experiment due to fussiness (n = 12) or experimenter error (n = 4).
Stimuli
Four categories of objects were selected (food, clothes, animal, body parts), and eight words per category were chosen using the Oxford CDI (Hamilton et al., 2000) , so that on average they would be known by 75% of 18-month-olds (Table 1) .
The lists of words were balanced as much as possible in terms of linguistic complexity to ensure that children could not use low-level cues to distinguish the lists (e.g. Shi, Morgan & Allopenna, 1998) : number of syllables, stress pattern when relevant, vowel or consonant as initial phoneme, phonemic inventory ( Table 2) .
The degree of association between words within or across categories was estimated using the University of South Florida adult free association norms (Nelson, McEvoy & Schreiber, 2004) . The nature of the semantic link between words in related lists was most often purely taxonomic (e.g. horse/mouse), but for some there was a mix of taxonomic and associative relations (e.g. cat/ mouse), a confound which was impossible to avoid entirely owing to the constraint of having to select words from a limited lexicon. In Nelson et al.'s (2004) norms, of the 32 words selected, eight never elicited any of the other words from the same or a contrasting taxonomic category (e.g. frog or tummy), nine elicited one other word within the same category (e.g. ear elicited nose), 10 elicited two words within and/or across categories (mouse elicited cheese and cat), four elicited three and one elicited four words within and/or across categories. The median associations per word was one, with an average elicitation probability of 0.12 (when given one of these words, adults are likely to elicit an associatively related word from our sample 12% of the time). Lists were constructed in such a way that two words with a potential associative link (e.g. mouse/cat or mouse/cheese) never occurred consecutively.
Words were recorded in an enthusiastic manner by a South-West of England native female speaker and normalized for amplitude using Praat (Boersma, 2001) . Their mean duration was 700.2 ms (STD 109.6 ms), with no difference across the four categories (F(3, 29) < 1). Pseudo-randomized lists were created for each category or mixture of categories. In the RC condition, for each category six pseudo-randomized lists were created, so that the sequential position of each word within the list was not repeated more than twice. Words with an associative link could never appear consecutively (e.g. mouse/cat). The same criteria were used to generate 12 MC lists, with the following added constraints. The eight words in each category were divided in two sets of four (set A and set B). Then, for each possible pairing of categories (e.g. animal-clothes), half of the lists would contain the four animal names from set A and the four clothes items from set A. The other half would be made of the four animal names from set B and the four clothes items from set B. This was to ensure that in each condition (RC or MC), children would be presented with lists all containing eight different words. In addition, in the MC condition there could be no more than two consecutive words from the same category: for example, in the animal-clothes combination, a possible sequence within a list could be nappy-boots-cow-hat but not nappy-boots-hat-cow. Figure 1 shows an example of lists heard by one particular child who started in the RC condition (animals and food) followed by the MC condition (clothes and body parts). Because words in RC lists were taxonomically related, any difference in looking time to the MC lists would indicate that children implicitly activated the links within the superordinate, semantic categories. Within each list, the eight words were concatenated with an ISI of 400 ms and the resulting lists were repeated three times to create sound files averaging 26.11 s for both the RC and the MC conditions.
Within each condition, the order of presentation of the six lists was randomized, together with the side of presentation, so that no more than two consecutive lists would be presented on the same side, and no more than two consecutive lists belonged to the same category. For the RC condition, each child was presented with three randomly chosen lists out of six in one category (e.g. animals) and three out of six lists in another category (e.g. clothes). For the MC condition, each child was presented with six randomly chosen lists out of the 12 possible lists of the corresponding condition (e.g. body parts and food). Crucially, each child was presented with all four categories, two were used in the RC condition, and the other two were used in the MC condition (Figure 1) . Across all children, each category would appear as often in the RC and the MC condition, and each pairing of categories was equally represented. Out of 24 children, in the RC condition lists of food items were presented 12 times, but due to an experimenter error, lists of clothes and body parts were presented 13 times, and lists of animals 10 times.
Half of the children were presented with the RC condition first followed by the MC condition, and the other half heard the reverse order.
Procedure
After two training trials during which the children heard a piece of music (to ensure they understood that sounds could emanate from the left or the right when they looked towards the corresponding light), each child was presented with a first block of six lists, and following a short break, with a second block of six new lists. For example, a child tested in the MC condition first would hear a block of six lists of words from the clothes and food categories mixed together. After a short break, a second block of six lists would follow, composed of words from the body parts and animals categories (RC condition), so that three lists would be made of animal names only, and three lists would be made of body part names only. Any looking time shorter than 1.5 s on one list would automatically result in the termination of that list and the list being repeated immediately (with the original looking times discarded). Any look away from the light for more than 2 s would result in the termination of the list and the re-centring of attention with the central light.
Results
Looking times shorter than 2 s were eliminated from the analyses, since to detect the semantic structure of the lists, children needed a minimum of two consecutive words (see also G omez & Maye, 2005), which could not occur in less than 2 seconds for each list. With this criterion, children completed an average of 5.8 lists (out of 6) in the RC condition, and 5.9 lists in the MC condition. Looking times in each condition were normally distributed across all children (Shapiro-Wilk W test, W = .99, p = .97 in RC; W = .97, p = .56 in MC). An ANOVA with Condition (MC or RC) as a withinparticipant factor and Order (starting with the MC or RC condition) as a between-participant factor was conducted on mean looking times. Order did not have any significant effect (F(1, 11) < 1), neither did it interact with Condition (F(1, 22) = 1.21, p = .28, g 2 = .05). Therefore it was not included in further analyses. Overall, children listened longer to lists in the RC condition (13.15 s, SD = 3.81) than in the MC condition (11.12 s, SD = 4.47, F(1, 23) = 6.11, p = .021, g 2 = .21) (Figure 2) .
1 Seventeen out of 24 children showed this pattern of response (exact binomial test, p = .021).
Children had an average OCDI score in production of 73.1 words (out of 416; SD = 68.2) and 233.3 words in comprehension (SD = 73.5). Comprehension scores were normally distributed (Shapiro-Wilk W test, W = .97, p = .61), but not for production (W = .84, p = .002), probably because of a floor effect. These scores were compared with each child's listening time in the RC and the MC conditions, using Pearson correlation for comprehension and Spearman non-parametric correlation for production scores. A marginally significant correlation between the OCDI comprehension score and listening times in the RC condition was found (Pearson r(24) = .40, p = .053), indicating that the more words children understood overall, the longer they listened to words organized according to their semantic categories. No other correlation was significant.
To further investigate the link between vocabulary knowledge and looking times, we ranked the children as a function of the proportion of the test words that they could produce and divided them into two 12-children 'Talker' groups. The first group understood on average 85% of the words but produced only 9.9%; the second group understood 91% and produced 62.5% of the words. An ANOVA with Condition (RC vs. MC) as a 1 When all 33 children are included in the data (24 + 9 with low CDI scores) the results are similar: significantly longer looking times in RC (12.4 s) than MC (10.9 s; F(1,32) = 4.45, p = .043, g 2 = .12).
repeated measure and Talker group as a betweenparticipant factor revealed no interaction between Condition and Talker (F(1, 22) < 1) and no main effect of Talker group (F(1, 22) < 1).
Discussion
When 18-month-olds listen to word lists consisting of names of objects taken from the same taxonomic category, they maintain their 'listening times' longer than if the words were selected from different categories. This impact of list type could only occur if the children were computing the meanings of the words as they were listening to them. That they attended longer to lists containing related words than words belonging to two categories is consistent with a priming interpretation of the results: related words prime one another (e.g. Meyer & Schvaneveldt, 1971 ) and prompt longer listening whereas unrelated words do not. These results are also consistent with findings from cross-modal priming studies with young children where a pair of taxonomically related words produces longer looking at a target picture than a pair of unrelated words (Arias-Trejo & Plunkett, , 2013 . In fact, these results demonstrate not only that young children compute the meanings of words from hearing the spoken word alone but that they are sensitive to the relationships between word meanings. It is indeed their sensitivity to taxonomic relations between words which indicates that they must have computed the meaning of words. The current study is the first to suggest that the sensitivity to a semantic link between spoken words is present as early as 18 months of age. Our findings point to the conclusion that infants construct a semantic network during the early stages of lexical development.
The ability to detect the presence of any implicit taxonomic relationships between words seems to be stronger with increasing receptive vocabulary, as indexed by the correlation between OCDI scores and listening times in the related condition. One possible explanation of this correlation is that children with larger vocabularies process words at a faster rate than children with smaller vocabularies (Fernald, Pinto, Swingley, Weinberg & McRoberts, 1998) . Rapid word processing should facilitate access to word meaning and subsequent computations of the similarity in meaning between consecutive words. Words are presented at a rapid rate in the current experiment -approximately one per second (700 ms for the word and an ISI of 400 ms). Within that second, infants must both recognize the word and compute some aspects of its meaning, in order to discriminate between related and mixed lists. However, further research is needed to determine the underlying source of the correlation, whether it be processing speed, or semantic links growing stronger with the increasing lexicon size, or whether a larger lexicon allows children to perform better in the task due to their knowledge of more test words.
It is noteworthy that we found no evidence of a link between word production abilities and semantic processing. When children start producing words, their familiarity and experience with these words increase, changing the way these words (and new words) are represented and processed. For example, Mills, Plunkett, Prat and Schafer (2005) showed increased cerebral specialization in brain activity for newly learnt words in children scoring higher on the OCDI in production than those scoring lower. Similarly, DePaolis, Vihman and KerenPortnoy (2011) showed that infants aged 18 months pay more attention to speech samples containing consonants that they produce themselves. In contrast, the current study suggests that only receptive knowledge of words drives infants' semantic relationships between words.
It was important to establish that the underlying relationship between words in the RC condition was not merely associative. Otherwise, longer looking times in the RC vs. the MC condition need not reflect computation of meaning since pure linguistic context/collocational information could be driving the observed effects. It is true that taxonomically related words can also be associatively related (cat-dog). However, by minimizing the impact of associative relations in this study, we can be more confident that differences between our experimental conditions are driven by the computation of underlying meaning. Although in the design of the experiment we strived to eliminate any associative relations between consecutive words in each list, we cannot completely discount the possibility that prior experience of hearing these words uttered together might have contributed to our pattern of findings. Indeed, we used adult association norms to estimate the strength of associations -the only ones available to date, which might not accurately reflect children's experience with words. As 18-montholds have a much smaller lexicon than adults, the strength of associations between the few words they know might be stronger than in adults. Hills (2012) has argued that infant-directed speech during the first few years of life is more associative than adult-directed speech, i.e. the probability that a target word is produced within a five-word window of an associative cue is higher in infant-directed corpora than in adult-directed corpora. This could support the proposal that the structure of the early lexicon is based mainly on associative relationships, from which later taxonomic relations would be derived (e.g. Nelson, 1985) . Arias-Trejo and Plunkett (2013) report pure taxonomic priming (dog-cow) and pure associative priming (dog-bone) in 24-month-olds, indicating that both of these types of relationship between words underpin the structure of the infant lexicon. However, their results indicate that neither pure taxonomic nor pure associative relationships yield priming effects at 21 months, in contrast with an earlier study demonstrating that words that are both taxonomically and associatively related (dog-cat) prime each other at 21 months (Arias-Trejo & Plunkett, 2009 ). These authors argue that the pattern of results across the two studies points to a role for both taxonomic and associative relationships in the emergence of structure in the infant lexicon as early as 21 months of age.
Failure to detect any trace of taxonomic priming in previous studies with 18-month-olds (Arias-Trejo & Plunkett, , 2013 Styles & Plunkett, 2009 stands in stark contrast to the behaviour of the 18-month-olds in the current study, and raises the question as to the source of the difference in behaviours. The earlier priming studies drew upon a similar set of vocabulary items as the current study, and all studies used participants drawn from a southern British English population. Perhaps most importantly, both sets of studies required infants to demonstrate an appreciation of the meaning of words and the relationships between them. We suggest that the contrasting methodologies offer a source of explanation for the differing results. The cross-modal priming studies required infants to process both auditory and complex visual stimuli whereas the version of the head-turn preference procedure used in the current study required infants to attend to similar auditory stimuli and simple flashing lights. Processing of the complex visual stimuli in the cross-modal procedure may have imposed additional perceptual and/or cognitive loads on the infants (e.g. activation of common and different features) and masked potential priming effects (see Mather & Plunkett, 2011; Plunkett, 2010; Robinson & Sloutsky, 2007; Stager & Werker, 1997 , for related arguments), thereby underestimating their sensitivity to intra-word relationships.
In conclusion, previous research has shown that 18-month-olds can implicitly name familiar objects (Mani & Plunkett, 2010) . The current research demonstrates that not only do infants understand words in the absence of visual support; moreover, they recognize the similarity in meaning of consecutive words. Together, these findings suggest that the functional pathway between the young child's mental representations of words and objects is a two-way street along which listening and seeing interact with each other. The dynamics of this interaction in the young child have yet to be determined. However, it is apparent from these laboratory experiments that in the everyday world very young children have the capacity to compute complex meaningful relationships between words, even in the absence of the objects to which they refer, enabling them to make sense of what people are saying.
